We used a standard mental arithmetic test3 administered by one of two individuals, neither of whom was well known to the subject. Serial 17s were subtracted from a four-digit number or serial 7s and 3s from a three-digit number. Beginning the arithmetic test with serial subtraction of 7s, the difficulty was adjusted to obtain optimal effort without causing the patient to stop due to frustration. The only interaction with the subjects during the administration of the test was frequent prompting to concentrate or to speed up if they appeared to be relaxing at the task. Although we believe most patients operated close to their optimum, the individual's perception of the stress varied widely and did not relate to how well or how poorly he performed.
Radionuclide Plethysmography
Relative changes in forearm venous volume were assessed by measuring changes in regional forearm blood volume with blood pool imaging. This technique has been described and validated previously.11-14 Briefly, after in vivo labeling of the red blood cells with 740 mBq (20 MCi) of 99mTc, 30-second static images were acquired with a standard gamma camera (Picker dyna camera -4, Northford, Connecticut) equipped with a high-sensitivity parallel-hole collimator and interfaced to a dedicated nuclear medicine computer system (ADAC model 3000, San Jose, California). Imaging was performed at least 30 minutes after initial labeling to minimize measurement error due to unbound 9"Tc. Images were recorded 30 seconds after inflation of the blood pressure cuff to allow for hemodynamic stabilization.
A segment of the forearm, excluding the distal and proximal 3-4 cm, was outlined by metal markers taped to the skin. The count rate in this region of interest obtained with no occluding pressure or mental arithmetic stress was arbitrarily taken to represent 100% forearm blood volume. All subsequent readings were expressed as a percentage of this value. Background was not taken into account because it is quantitatively small and remained constant throughout this short study.12 All counts were corrected for physical decay. A technician was responsible for sphygmomanometer cuff inflation and activation of successive scintigrams. This person maintained close attention to ensure stable occluding pressures throughout the study. Measures of scintigraphic vascular volume (in percent units) at occluding cuff pressures of 0, 10, 20, and 30 mm Hg were used to construct venous volumepressure plots as described previously.12,13
Study Design
The study was performed in the postabsorptive state. In a few patients, the study was performed after exercise radionuclide ventriculography, but in these patients, we ensured that more than 2 hours had elapsed after completion of exercise. The subjects were allowed to relax for at least 30 minutes after the study was explained. Then, with the subject seated, the forearm was placed prone on the horizontal collimator of the gamma camera. The middle of the forearm was maintained at a level 4 cm below the sternal angle.
The laboratory was quiet and cool (20-22°C). Thirty-second scintigrams (control stage) were taken at 0, 10, 20, and 30 mm Hg arm occluding pressures, starting at zero and increasing stepwise at 1-minute intervals until 30 mm Hg. After data at 30 mm Hg occluding pressure, cuff pressure was decreased to zero. Mental arithmetic stress was begun 2-4 minutes later. Scintigrams were again recorded (stress stage) 2 minutes after initiation of mental arithmetic stress, at identical successive occluding pressures. Heart rate (by 30-second electrocardiogram rhythm strip recording) and blood pressure (by sphygmomanometer cuff on the opposite arm) were recorded during both control and mental stress. This experiment had a factorial structure, with two levels of stress and four levels of congesting pressure applied to individual subjects. 15 To test the variability of the radionuclide technique to measure regional forearm blood volume, duplicate scintigrams were recorded during both control and mental arithmetic stress in eight of the 10 patients. In these eight patients, pairs of data (forearm regional blood volume determinations at each level of cuff congesting pressure) were obtained during the following successive stages: control 1, control 2, mental stress 1, and mental stress 2, with a 1-minute free interval (zero cuff occluding pressure) between stages and with cuff congesting pressures (0, 10, 20, and 30 mm Hg) always applied in the same order.
In 
Results
The clinical characteristics of participant subjects are presented in Table 1 . Also included are the blood pressure and heart rate responses to mental arithmetic stress. Systolic blood pressure increased from a mean of 126±12 to 152+20 mm Hg (p<0.001) and diastolic blood pressure from 83+8 to 93+ 15 mm Hg (p<0.001). There was also a significant increase in heart rate, from 75-+±15 to 87+17 beats/ min (p<0.01). Figure 1 shows the individual plots of forearm relative blood volume versus occluding pressure at control and during mental arithmetic stress. There was a consistent downward shift in the volumepressure relation in response to mental arithmetic stress. Only one patient (patient number 3), noted to be obviously tense throughout the study participation, showed no appreciable change in forearm blood volume from mental arithmetic stress. Of note, although individual volume-pressure plots vary in slope (compliance), within individuals there was little change in slope between control and mental arithmetic states. Thus, shifts in the curves induced by mental arithmetic were parallel.
Orthogonal contrasts were used for curve fitting and to examine for evidence of interaction (i.e., lack of parallelism) between the curves at control and during mental arithmetic. Values of F obtained for nonlinear fits and interaction were insignificant (p>0.2). The corresponding F value for linearity was highly significant (p<0.001). We therefore adopted a parallel straight line model. Analysis of variance showed significant effects of mental arith- In the present investigation, the changes in blood pressure and heart rate found during mental arithmetic stress are consistent with results of previous studies.3,9,10 Radionuclide Plethysmography Radionuclide plethysmography was well described recently1l-14 and has several advantages over other techniques currently in use. 12 In particular, because it is relatively noninvasive and less susceptible to motion artifact, it lends itself to widespread use for assessing reflex changes and dysfunctional peripheral venous responses in humans who undergo diagnostic procedures for which the blood pool has been already labeled. We previously used this technique in our laboratory to successfully evaluate the capacitance effects of nitroglycerin" and showed a good correlation with strain gauge plethysmography.12 It is a more direct measure of intravascular capacity than are the volumetric methods that measure total limb volume or circumference. It largely obviates the inherent assumptions associated with limb volumetric methods (strain gauge plethysmography): incompressibility of all intraforearm structures, absence of fluid extravasation, and constancy of limb geometry during volume changes. 16 Subtle external pressure on forearm veins is also removed as a potential confounding factor.14 The absolute variability of approximately 6% is small enough to allow detection of the venous responses to mental stress demonstrable in our study.
Total regional blood volume by blood pool scintigraphy was used as an index of actual venous volume because 80% of the systemic blood volume is contained in the veins,17 and changes in intravascular volume can be assumed to occur predominantly in the compliant venous capacitance vessels.18
Venous Physiology
In the apparently normal subjects studied in this investigation, we have shown a reduction in forearm venous volume that averages 13.5% at all occluding pressures. We excluded all subjects with a history suggestive of vasovagal episodes who may theoretically develop a "fainting reaction" to stress. 19 Our results showed homogeneity of individual responses and a highly statistically significant (p<0.001) whole forearm venoconstriction in response to mental arithmetic stress. This would be the expected response to a pressor stimulus9"10 despite the fact that earlier studies failed to show this. 5, 6 These former studies used only 50 seconds or less of mental arithmetic stress, which may not be long enough to obtain maximal or steady-state effects of the applied stress. 20 We delayed data collection until subjects were at least 2 minutes into arithmetic calculations. In addition, two earlier studies5,6 used volume displacement plethysmography, which may be less sensitive in the forearm. One such study,21 which used exogenous catecholamine infusion, did not detect an increase in forearm volume until occluding pressures were in the 10-20 mm Hg range. In our study, we regularly obtained an increase in forearm blood volume for each 10-mm Hg increment in congesting pressure (see Figure 1) .
A similar measurement technique has been applied in anesthetized instrumented dogs to examine the response of limb blood volume.22 Maximal stimulation of the sympathetic outflow to the limb caused only half the decrease in limb blood volume seen in our study. Apart from obvious species and preparation differences, mental stress releases adrenomedullary catecholamines9"10 that can augment the constriction of uninnervated smooth muscle. 18, 23 The same group of workers showed a higher estimate for the decrease in whole-dog vascular capacitance with infused norepinephrine. 24 Other studies with volume displacement plethysmography have shown higher estimates of muscle bed venoconstriction in the cat.23 25 Thus, we believe that the degree of reduction in forearm venous volume to a pressor stimulus (mental arithmetic) shown in our study is consistent with available animal data.
One human study26 concluded that the veins in muscles of the forearm do not react to mental arithmetic stress. Epinephrine By far, the largest component of the human forearm is muscle, which constitutes approximately 60% of its volume.5'27 However, the reactivity of the muscle venous bed is probably not as pronounced as that of other beds in response to sympathetic stimuli,18 although, given the size of the human muscular bed, it may have significant systemic hemodynamic effects. Although any extrapolation of our results to the entire human systemic venous bed must be made with caution, the increase in cardiac output that occurs with emotional stress10,17 may be, in part, assisted by translocation of blood from the limbs. 
Summary
The results of this study demonstrate that mental arithmetic stress causes whole forearm venoconstriction, which results in a 13.5% decrease in volume and takes place without detectable change in venous compliance. This study provides human data to support recent animal studies30'31 that show linearity of the venous volume-pressure relation at physiologic pressures. The findings that pharmacologic30'31 and baroreceptor32-mediated shifts in systemic venous volume involve changes only in unstressed volume in animals now are extended to include reflex mechanisms that alter sympathetic activity in noninstrumented conscious humans in whom the regional forearm veins were studied. We believe that radionuclide plethysmography offers significant potential to assess peripheral venous responses in humans.
